Abstract. The solid state fluorescence of diketopyrrolopyrrole dyes and perylene-3,4 : 9,lO-tetracarboxylic bisimides with alkyl substituents are investigated and compared with noncovalent interactions. The latter are estimated by crystal structure analysis, heats and entropies of fusion and solubilities in organic solvents. Applications of the dyes are discussed.
Introduction
The fluorescence of organic pigments is an important subject for practical applications [l] and theory. However, little is known about the relation between crystal structure and solid state fluorescence of dyes [2] . Some dyes, like fluorescein, with very strong fluorescence in solution exhibit only a very poor solid state fluorescence and others, like 5-tert-butylrubicene when crystallized with solvent have a bright solid state fluorescence [3] , but not a very strong fluorescence in solution. There is no general theory for these effects.
One model system for these effects is formed by the diketopyrrolopyrroles 1 [4] . Some derivatives are highly fluorescent in the solid state, for example l a with R = CH3, aryl = 3,5-di-tert-butylphenyl or l b with R = C2H5, aryl = 3,5-di-tertbutylphenyl or l c with R = CH3, aryl = 2-methylphenyl. Other derivatives, such as I d with R = H, aryl = 2-methylphenyl, are only weakly fluorescent [5] . The o-methoxyderivative o-CH30-DPP l e is a link between the two series, for it crys- 3 R = CH,-R' " 1 n-C18H37 tallizes in two modifications, the thermodynamically stable 1 A with a strong solid state fluorescence and the metastable 1 B with only a weak solid state fluorescence. The crystal structure analysis has been performed with both modifications [5] so that there is the complete information about lattice packing. In the weakly fluorescent 1 B the chromophores are stacked one over the other, as shown in Fig. 1 , so that there are strong interactions between the chromophores. We think that these interactions will not only cause a bathochromic shift in the solid state absorption but also a rather strong coupling of the electronic energy to lattice vibrations. This coupling can enhance an energy transfer to lattice vibrations and thus quenching of fluorescence may occur. In 1 A the chromophores are laterally shifted so that there is only little interaction. As a consequence, excitation energy persists until fluorescence.
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Fig. 1
Stacking of the chromophors in 1 A and 1 B.
Results and Discussion
The strength of the chromophor-chromophor interaction in 1 B is demonstrated by a comparison of the molecular structures in the two modifications. Whereas the o-methoxyphenyl substituent in 1 A is turned out of the plane by 59.2 "C and has the expected geometry with carbon-carbon bonds of nearly equal length, the substituent in 1 B is compressed further into the plane with a remaining angle of only 50.7 "C. As the non-bonding distances of the N-methyl carbon and nitrogen to the oxygen of the methoxy group are not changed, the bond angles in the phenyl substituent are deformed by the lattice forces. These forces are so high that the methyl group at the nitrogen is bent out of the plane by about 14 O , whereas in 1 A it remains nearly in plane (4 "). The strong compression of the molecule is further indicated by the slightly higher density of the metastable 1 B with e = 1 . 3 8 2 g -~m -~ compared to 1 A with e = 1.281 g * ~m -~.
As a consequence of the deformation of the rings, there are substantial changes in the IR-spectra. For example for 1 A a carbonyl absorption is observed at 1 677 cm-' (KBr), whereas the absorption of 1 B is shifted to 1 682 cm-'. This shift to higher wavenumbers is caused by the bending of the methyl groups at the nitrogens out of the plane which decouples partially the conjugation of the nitrogen atoms with the carbonyl groups. A second model system for the investigation of these effects is given by the perylene dyes (2), perylene-3,4 : 9,lO-tetracarboxylic bisimides. These dyes are very photostable and strongly fluorescent in solution [6 -91, so that they can be used for laser [ 10 -121, fluorescent planar concentrator [ 131 and for analytical [ 14 - 171 applications. The fluorescence is influenced only very little by substituents on the nitrogens. This might be caused by nodes [18] in the wave functions of the 7r orbitals at the nitrogens not only in HOMO and LUMO, but even in the orbital above LUMO and below HOMO. Because of the small influence of the substituents at the nitrogens on optical properties the perylene dyes are an ideal probe for studying crystal packing effects with different N-substituted derivatives. The solid state fluorescence of these dyes is not as pronounced as in solution. There are two major types of pigments with the chromophor 2, a black-blue one with no visible fluorescence and a red one with a weak, red fluorescence. Furthermore, a few maroon and orange coloured pigments are known. Crystal structure analysis done with both major types of pigments indicate that the chromophores are parallel stacked and laterally displaced. An exception thereto is dye 2 b with two 1-butylpentyl substituents at the nitrogens, which has a brilliant red solid state fluorescence that makes it useful as a fluorescent marker [26] . This solid state fluorescence is remarkably stronger than that of the longer chain homologue 2c with 1-pentylhexyl substituents as well as that of the shorter chain homologue 2 a with I-propylbutyl substituents. Unfortunately, ordered single crystals could not be prepared for studying packing by crystal structure analysis. However, it could be shown by x-ray powder diffraction that 2a, 2 b and 2c are crystalline. The differences in packing become obvious by the application of mechanical stress to the powders. While the crystalline structure of 2 a and 2 c persists with pulverisation (as well as the one of 1 A and 1 B) the fluorescent 2 b becomes amorphous. We think that strong interactions of the chromophores are not only the basis of the rather stable crystalline structure of 2 a and 2 c but are also responsible for the fluorescence quenching via the coupling of electronic excitation to lattice vibrations. However in the highly fluorescent 2 b the chromophore-chromophore interactions are weak: resulting both in a brilliant solid state fluorescence and in a breakdown of lattice structure on the application of mechanical stress. The concept of relations between lattice packing and solid state fluorescence is strongly supported and extended by the investigation of a further type of packing in perylene fluorescent dyes, an example for which is dye 2g (with two 1-octylnonyl substituents at the nitrogens). This dye has not only an orange colour, but in contrast to the other perylene dyes has an extraordinarily intense orange solid state fluorescence which resembles the fluorescence of perylene dyes in diluted solutions. 
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Crystals of the dyes are neither very ordered nor densely packed -a problem is the flexibility of the alkyl side chains. On the other hand, the exact geometry of the side chains is not important for the discussion of chromophore-chromophore interactions. A single crystal structure determination could be done measuring 18 000 reflexes with 4 000 observed ones. The obtained R value of 26 Yo is high enough for the localisation of the chromophores. The packing is given in Fig. 2 . One layer in the structure is formed by the planes of the chromophores. In the next layer the chromophores are nearly orthogonal to those in the first layer but laterally shifted, thus the alkyl side chains are in the first plane. The third layer corresponds again to the first one. The packing is like a sandwich of chromophores with alkyl chains between them. The chromophores are isolated by paraffin chains and the optical properties of the dye are similar to those in diluted petrol ether solution.
Dye 2f has another interesting property: a change in colour from orange to red several degrees below melting point. This is even more pronounced with dye l e which has a 1-heptyloctyl substituent. At 50 -60 "C the colour of the solid changes abruptly from orange to red with a weaker red fluorescence. We think that this change in optical properties is caused by a change in the crystal to the structure of the red perylene pigments mentioned above. This will be the subject of further investigations. On the other hand, this change in modification can be used for optical information storage [23 - Unfilled circles and triangles for melting points > 360 " C .
is given by the I3C-NMR spectra of the dyes. The chemical shifts of the nearest three carbon atoms of the side chains to the link with the nitrogen atoms are independent from chain length within experimental error, and one must conclude that the influence of the chromophore is independent of chain length and the side chains form statistically oriented clusters in any case in diluted solution. Therefore the solubilty of the pigments in these series is a good measure for the free energy of packing and is used for getting more information. The solubility of perylene dyes 2 with n-alkyl substituents as a function of chain length is given in Fig. 4 . There is a maximum of solubility at n = 5 with a still low absolute value and then a continuous decrease of solubility with longer chains. We believe that there are basically two opposing effects. The high lattice energy built up by the interaction of the perylene dye chromophore (2 with R = H is nearly insoluble in any solvent) is disturbed by the increasingly flexible alkyl side chain up to a chain length of 5 resulting in an increasing solubility. Then, with n ) 5 the structure is dominated by ordering of the side chains as in paraffins. This tendency is indicated by the dependence of the melting points of the dyes on the length of the alkyl chain; filled circles in Fig. 5 . Although the solubilities decrease with greater chain length for n > 5 the melting points decrease too; for a more detailed discussion see below.
A completely different dependance of solubility on the number of carbon atoms is obtained, when R = cycloalkyl as shown in Fig. 6 . The dye with cyclopropyl substituents has a very low solubility in organic solvents. The solubility goes through a maximum for R = cyclopentyl and then drops to very small values for R = cyclooctyl. Then the solubility increases again and reaches a maximum with R = cyclotetradecyl, which is a very soluble dye. With even larger rings the solubility decreases again. The decrease of the solubility of the dyes with larger rings systems is inter- Solubility of perylene dyes (2) with two 1 -n -alkyl groups at a N -bounded methylene group.
preted in the same way as with n-alkyl substituents. Large membered rings have mainly the conformation of two parallel alkyl chains. Therefore an interesting test for the interpretation is to cut the connection between these two "chains" at the point opposite to substitution and to investigate secondary alkyl substituents with two 1-n-alkyl groups at the N-bounded methylene group. The solubility of this homologous series is shown in Fig. 7 . There is an exponential increase in solubility with the chain length. The solubility is so high, that CHCl, must be replaced for measurements by less solvating heptane. In this solvent the exponential increase reaches a flat maximum with a high value for n = 13, and then an extreme peak solubility for n = 19. With even longer chains the solubility drops again to small values. This complex behaviour of homologues is further investigated by the measurement of melting points as a function of chain length; filled triangles in Fig. 6 . Although there is a peak solubility for n = 19 the melting points decrease continuously to the melting points of paraffins indicating that the molecular interactions are becomming more and more similar to the ones in long chain alkanes.
Even more information about these effects is given by the measurement of the energies for fusion as shown in Fig. 8 . The energy is low for short chain derivatives, passes a flat maximum for n = 11 and decreases to 8 kJ/mol for n = 21. Then there is an abrupt jump to high values of about 80 kJ/mol for long chain substituents. The entropy of fusion gives a similar result; see Fig. 8 . Again, a flat and not pronounced maximum is found for n = 11, a non-pronounced minimum for n = 21 with 4 e. u. and then a sharp jump to values of about 60 e. u. for long chain substituents. Further data are given in Table 1 . These results are interpreted in terms of order in crystal structure. Short chain alkyl perylene dyes form crystals which are dominated by the forces of interaction of the chromophores. Therefore the melting points are high, but the differences in the bulk structures of the improperly packed solids and partially oriented melts of these flat, rigid molecules are not very pronounced; this is further indicated by the difficulties in single crystal structure analysis of these dyes, although large single crystals can be prepared. However liquid crystalline states could not be detected by D.S.C.. So the energy of fusion is low as well as the entropy of fusion. With longer alkyl chains the order of the crystals is further disturbed by the chains so that the energy tends to decrease further until n = 21. However for longer chains, n > 21, there is a abrupt change, for now the interactions of the alkyl side chains become dominant with a transition of the side chains to a paraffin-like crystal which has order, and a molten material with statistically oriented clusters of side chains. This results in a high energy of melting and a high entropy. This interpretation is further supported by the fact that there are many solid-solidphase-transitions for n < 21 which have energies in the range of the energy of fusion or even higher; see Table 1 . So the energetic effects of melting are not very pronounced for these dyes in contrast to the longer chain homologues. A further indication of the low preference for ordered structures of these dyes is the already mentioned fact that for n = 9 a complete breakdown of crystal structure can be obtained by merely pulverizing the dye. The reported solid state properties of the dyes are interesting for practical applications. For n = 15 ... 25 small external influences should be able to switch one structure into the other. This is of interest for aggregation of dyes and applications in micelles and liposomes. These future results will be reported elsewhere. Determined with an Dr. Tottoli-melting-point apparatus. 
Experimental
The perylene dyes have been prepared from perylene-3,4:9,10-tetracarboxylic bisanhydride, the corresponding amine or amine hydrochloride (6mmol) and imidazol (5 g) and have been purified exactly according to literature procedure [8, 9, 26] . Special care has been taken to prepare highly pure dyes. The perylene dyes (3) with R = 1-hexyl, 1-dodecyl, 1-octadecyl, cycloalkyl up to cyclopentadecyl, and secalkyl up to 1-hexylheptyl are described in ref. [9] . 
